Abstract. Commodity thermoplastics such as polypropylene and polyethylene are gaining more attention from the automotive industries for applications requiring weight and cost savings. In order to assess the feasibility of employing thermoplastic tubes for subsequent forming into automotive structural components, first an establishment of the forming limits (or the forming limit diagram) for these materials is required. An analytical model, which is able to predict the forming limits for thermoplastic tubes, is useful from the perspective of examining the effect of material properties on the forming of a given shape without numerous experimental forming trials. Knowledge of the forming limits for these materials is also useful in die design as well as process control. Since thermoplastics such as polypropylene are temperature and strain rate dependent, the proposed analytical model would be able to predict the effect of temperature and strain rate on the resulting forming limits for the tube along various loading paths. Preliminary results from the model indicate that thermoplastic tubes formed at elevated temperature undergo larger strains in both the hoop and axial directions of the tube prior to localized necking.
Introduction
Unreinforced thermoplastics are being used for a wide variety of non-structural automotive parts such as accelerator pedals and glove boxes [1] . The feasibility of manufacturing automotive structural components using reinforced thermoplastics (i.e. glass fibre reinforced) is currently being studied. Some of the main problems associated with using polymer composites for forming into automotive structural components include increased weight as well as problems related to recyclability and fibre to matrix adhesion. The replacement of some high-performance structural materials, such as fibre reinforced composites, by more 'commodity' materials, such as polypropylene, is of interest in view of their lower weight.
If, for example, tubes formed from unreinforced thermoplastic material are found to have good formability as well as good post forming properties, it may allow for the replacement of metal (or composite) automotive structural parts with these lighter, less expensive plastic materials.
Forming Limits For Thermoplastic Tubes
In order to assess the forming characteristics of thermoplastic tube, an establishment of the forming limits, both experimentally and analytically for these materials is required.
Not only does accurate knowledge of the forming limits aid in assessment of the formability of these materials, but it also aids in establishing the process conditions required to produce good quality parts, i.e. those without areas of localized thinning. An analytical model, that is able to predict the forming limits for thermoplastic tubes, is advantageous from the perspective that its use may eliminate expensive experimental forming trials when selecting a thermoplastic for a specific application. An analytical model provides a relatively quick means of assessing the maximum strains that the material can undergo prior to necking, and therefore, suitable part geometries for a given thermoplastic tube material. Finite element models of the blow molding and thermoforming of thermoplastics at elevated temperatures have been developed [2, 3] , for determining part thickness variation as forming proceeds.
There are three main building blocks in the development of the analytical model and these include an appropriate yield criterion, a criterion for localized necking of the tube and a constitutive model characterizing the stress strain behaviour of the thermoplastic. It is important to note here that there is one main difference in the development of an analytical prediction of the forming limits for thermoplastic tube compared with metallic tubes. The difference arises from the fact that the chosen constitutive model for the thermoplastic must be strain rate and temperature dependent, thereby rendering the forming limits for these materials a function of temperature and strain rate as well. The forming limits for metallic tubes are often considered to be independent of strain rate and temperature.
Analytical Model For Predicting Limit Strains
For the development of the analytical model, it is assumed that that the thermoplastic tube is an isotropic material. Since most commercial thermoplastic tubes are melt extruded, one can assume that no significant orientation is induced in the material during such processing. Therefore, the properties are assumed to be nearly the same in all directions.
For a thin-walled tube, with closed ends, subjected to internal pressure and compressive axial force (refer to Figure 1 ), the equation for the hoop stress, σ θ , is given as
where p is the internal pressure, r is the current tube radius and t is the current tube thickness. The axial stress, σ a , for a thin-walled tube is given by
where F is the axial force applied to the tube ends. It is assumed that strains are present in the hoop, axial and thickness directions, i.e. dε θ , dε a , and dε t respectively.
Necking is assumed to occur when the maximum force per unit length of the tube wall is reached [4] , i.e. 
Thin-walled tube subjected to internal pressure and compressive axial force.
Combining Equations (1) and (3) gives the condition at which necking of the tube occurs as
The final form of the forming limit model is derived using the linear elastic stress strain relations as well as the isotropic plasticity relations (including the Mises yield criteria and associated flow rule) and assuming that the principal stresses maintain constant ratios and directions, i.e. In order to calculate forming limits strains for a given thermoplastic tube using the model given by (5) , an appropriate constitutive model characterizing the stress strain behaviour of the material is required. As mentioned earlier, this constitutive model should account for the temperature and strain rate dependence of the thermoplastic when subjected to a tensile mode of deformation.
Zhou and Mallick [5] of the University of Michigan developed a three parameter non-linear constitutive equation to describe the strain rate and temperature dependent tensile behaviour of unfilled and talc-filled polypropylene.
The constitutive model is given by [5] 
where σ is the stress, ε is the strain, E is the elastic modulus of the material which is a function of both temperature and strain rate, m is a strain exponent (assumed to be independent of strain rate and temperature) and β represents a compliance function which depends on both strain rate and temperature. Expressions for obtaining the elastic modulus and compliance function for a given strain rate and temperature are outlined in [5] . The simulated stress strain curves from this constitutive model were in good agreement with tensile tests performed on injection molded polypropylene sheet specimens at various temperatures and strain rates [6] . Therefore, this constitutive model was selected for use in this forming limit study of thermoplastic tube. Although the model was validated for injection molded polypropylene sheet, it is assumed to be valid for describing the tensile behaviour of extruded polypropylene tube.
The temperatures and strain rates used for this study are given in Table 1 below. Constants for the constitutive model (i.e. E, β and m) at these temperatures and strain rates were taken from [5] for prediction of the forming limits using the developed analytical model. Once the constitutive model is substituted into Equation (5), the expression becomes a function of the equivalent strain at localization. This equivalent strain is then solved for numerically (at a given temperature strain rate and stress ratio), and then broken down into major (i.e. hoop) and minor (i.e. axial) strains for representation on a forming limit diagram. Forming limit curves for the polypropylene tube at the various temperatures given in Table 1 and at a strain rate of 0.05 min -1 are represented in Figure 2 . Stress ratios (α) from -0.25 to 0.5 were selected for plotting of the forming limit curves. Figure 2 shows that as the temperature increases, the strain at which localization occurs also increases for all of the stress ratios considered. Figure 2 shows that at a stress ratio of 0.5 (corresponding to plane strain) and at a temperature of 120°C, strain localization occurs at approximately 20% hoop strain. At the lowest temperature, on the other hand, strain localization at a stress ratio of 0.5 occurs at close to 7-8% hoop strain. Therefore, it is quite clear from Figure 2 that the formability of the thermoplastic tube is improved upon heating of the material. Figure 2 does not show the effect of strain rate on the predicted forming limit strains. However, it was found that strain rate did not have as large an impact on the shifting of the forming limit curves, as did temperature. In fact, the effect of strain rate also decreased with temperature, i.e. the effect of strain rate was slightly more pronounced at the elevated temperatures. Figure 3 shows the forming limit diagram at 120°C and at three strain rates for the purposes of understanding the small extent to which strain rate affects the shifting of the forming limits. Figure 3 shows that the maximum difference in the hoop strain at localization (between the maximum and minimum strain rates) is approximately 1%, corresponding to a stress ratio of 0.5. Figure 4 shows the effect of stress path on the effective strain at localization for the five different temperatures and at a strain rate of 0.05 min -1 . Figure 4 shows that the effect of stress ratio becomes more pronounced as the temperature increases. Figure 4 also shows that at temperatures below 100°C, the stress path has little to no effect on the effective strain at localization. 
General Discussion
It is important to discuss some of the assumptions that were made in the development of the analytical model. One of the factors that may affect the forming limits for thermoplastic materials include whether or not they are pressure dependent (i.e. differences exist in the tensile and compressive behaviour of the material over a range of strains). If the thermoplastic exhibits pressure dependency, this would have to be accounted for in the chosen yield criterion. Also, the simple model presented here does not account for the fact that some thermoplastics exhibit plastic volume changes during deformation. The significance of these volume changes, if any, would need to be determined experimentally.
The chosen criterion for localized necking of the thermoplastic tube is assumed to be applicable for necking corresponding to strain paths from -∞ to 0. In other words, this criterion is assumed to be applicable to the left hand side of the forming limit diagram. An appropriate criterion would require selection and implementation for predicting the localized necking of the tube under a biaxial loading path.
Conclusion
This study presented a simple analytical formulation for prediction of the forming limits for thermoplastic tube at range of strain rates, temperatures and loading paths. The model assumed the tube to be an isotropic material with the chosen constitutive model accounting for the temperature and strain rate dependence of the polymer. For the polypropylene tube used in this study, it was found that temperature has a significant effect on increasing the formability of the tube, i.e. increasing the strain at which localization occurs for a given stress path. The model shows that strain rate has less of an impact on the forming limit curves compared with temperature. Tube forming tests along various loading paths would be useful in assessing the suitability of the predicted model.
